We developed a computer program, GeneHackerTL, which predicts the most probable translation initiation site for a given nucleotide sequence. The program requires that information be extracted from the nucleotide sequence data surrounding the translation initiation sites according to the framework of the Hidden Markov Model. Since the translation initiation sites of 72 highly abundant proteins have already been assigned on the genome of Synechocystis sp. strain PCC6803 by amino-terminal analysis, we extracted necessary information for GeneHackerTL from the nucleotide sequence data. The prediction rate of the GeneHackerTL for these proteins was estimated to be 86.1%. We then used GeneHackerTL for prediction of the translation initiation sites of 24 other proteins, of which the initiation sites were not assigned experimentally, because of the lack of a potential initiation codon at the amino-terminal position. For 20 out of the 24 proteins, the initiation sites were predicted in the upstream of their amino-terminal positions. According to this assignment, the processed regions represent a typical feature of signal peptides. We could also predict multiple translation initiation sites for a particular gene for which at least two initiation sites were experimentally detected. This program would be effective for the prediction of translation initiation sites of other proteins, not only in this species but also in other prokaryotes as well.
Introduction
sites of 72 proteins were assigned, but the amino-terminal of the remaining 24 proteins could not be correlated to The complete genomic sequences of four the translation initiation sites because of the lack of pospecies, Haemophilus influenzae Rd., 1 Mycoplasma tential initiation codons at the amino-terminal positions. genitalium, 2 Synechocystis sp. strain PCC6803 3 and These results strongly suggest that the latter class of proMethanococcus jannaschii, 4 have already been deter-teins have been processed post-translationally. Thus, the mined. The nucleotide sequences and potential coding u s e o f a computer program may be useful for the predicregions of each species, assigned on the basis of certain as-tion of potential translation initiation sites on the basis sumptions, are available from GenBank/EMBL/DDBJ. o f information extracted from the experimentally deterHowever, for understanding of the complicated physio-mined proteins. logical processes in living organisms such as the control
We previously reported a program, GeneHacker, which of gene expression and post-translational modification of predicts the coding regions by applying the Hidden proteins, the precise assignment of protein coding regions Markov Model (HMM). 7 ' 8 We have now developed anis indispensable. This precise assignment makes it possi-o ther program, named GeneHackerTL, which predicts ble to comparatively study the four species to elucidate the translation initiation sites. GeneHackerTL uses incommon and unique features among them.
formation which is extracted from a set of nucleotide seThe precise amino-terminal sequences of a total of quences surrounding the translation initiation sites ac-96 proteins in the Cyanobacterium, Synechocystis sp. cording to the framework of HMM. 9 HMM is a higher strain PCC6803, have been previously determined by paradigm of the Markov Model and can express commicro-sequencing of two dimensionally resolved proteins p i e x sequence patterns, such as the promoter sequences, of the whole cell extract. 5 ' 6 By comparison with the ge-better than the regular expression, which is used to nomic DNA sequences, the actual translation initiation express motifs in Prosite. 10 HMM is conceptualized as
Communicated by Toshihisa Takagi a network composed of nodes, to which the nucleotide * To whom correspondence should be addressed. Tel. +81-438-frequency is assigned in our study, and directed paths 52-3919, Fax. +81-438-52-3918, E-mail: hirosawa@kazusa.or.jp between them, to which the transition probability is as-signed. Here we will denote information expressed in this framework of HMM as HMM. Tracking of nodes by selecting a path with the highest transition probability leads to a sequence pattern represented by a particular HMM. A simple presentation of HMM by taking promoter sequences can be seen in Fig. 1 of our previous paper.
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We applied GeneHackerTL for analysis of the cyanobacterial genes, whose products are assumed to be processed post-translationally, and it successfully predicted the translational initiation sites.
Materials and Methods

GeneHackerTL
GeneHackerTL is a newly developed computer program which predicts the most probable translation initiation site of a given nucleotide sequence. Necessary information for GeneHackerTL is as follows:
The base composition in non-coding regions
In-2: An HMM representing nucleotide sequences surrounding the translation initiation sites
In-3a:
The base compositions of the first, second and third positions of the amino acid-triplets inframe in the coding regions
In-3b:
The average length of the coding regions
The first and second HMM are constructed from the information on In-1 and In-2, respectively, and the third HMM from the information on In-3a and In-3b. The three HMMs are concatenated to produce an integrated HMM. GeneHackerTL identifies the sequence structure most similar to the integrated HMM in a given sequence with the Viterbi algorithm, 9 which eventually identifies the most probable translation initiation site. The score of the identified translation initiation site is calculated with the Viterbi algorithm as the similarity of the sequence surrounding the translation initiation site against the second HMM. The logarithm likelihood of the calculated translation initiation site is normalized to obtain its score by setting the threshold of the translation initiation site to 1.0.
Sequence data
The training sets, which were used for the creation of HMM surrounding the translation initiation sites (the second HMM in the previous subsection), are the 38-bp regions from nucleotide positions -25 to 13 of the 72 proteins experimentally determined (the aminoterminal position was regarded as nucleotide position +1). The nucleotide sequences from positions -1000 to the termination sites of the 72 proteins were also used in the evaluation process of the prediction rate (See 2.4).
For prediction of the translation initiation sites of the unassigned 24 proteins, the sequences from positions -1000 to the termination sites were cut out.
Prediction by GeneHackerTL
The most probable translation initiation sites of the 24 proteins, except for those corresponding to sequence nos. 29 and 74, were predicted by GeneHackerTL with the information below. The base composition in non-coding regions (In-1) was deduced from the entries D63999 D64006 in GenBank/EMBL/DDBJ. As HMM representing the sequence surrounding the translation initiation site (In-2), the HMM derived in the previous study was used [11] . The base compositions of three respective frames (In-3a) and the average length of the coding regions (In-3b) were derived from the coding regions of the 72 proteins in the dataset.
2.4-Evaluation of prediction rate by GeneHackerTL
The prediction rate of GeneHackerTL was estimated by prediction of the translation initiation sites for the coding regions of each of the 72 proteins using information extracted from the remaining 71 proteins. The base compositions in the coding regions (In-3a), the average length of the coding regions (In-3b) and parameters in HMM representing sequences surrounding translation initiation sites (In-2), except that for initiation codons, were recalculated based on the 71 remaining translation initiation sites and their coding regions.
Results and Discussion
The Prediction rate of GeneHackerTL
The most probable translation initiation sites of the 72 proteins were predicted based on the information of the remaining 71 sequences. The results shown in Table 1 , in which the predicted positions of translation initiation sites relative to their experimentally determined positions are listed. GeneHackerTL predicted the translation initiation sites in all but one sequence, corresponding to no. 37. Of the 71 translation initiation sites predicted by GeneHackerTL, 62 sites coincided with sites experimentally determined 5 giving a prediction rate of 86.1% (62/72), and a false-positive error rate of 12.6% (12/71).
Among the nine sites differently predicted (sequences nos. 26, 42, 49, 57, 60, 81, 86, 94, and 95), the predicted site for sequence no. 49 was far upstream from the experimentally determined position. But as described in the next section, translational initiation at multiple sites was suggested for this coding sequence.
The rate of correct prediction was apparently different with the species of initiation codons. The sites of 58 out of 65 proteins initiating with ATG were correctly predicted by GeneHackerTL (89.2%), but only 4 out of 7 (57.1%) were predicted for proteins initiating with rare ATG  ATG  ATG  GTG  ATG  TTG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  GTG  ATG  ATG  ATG  -ATG  ATG  ATG  ATG  ATG  ATG  GTG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  GTG  ATG  ATG slrll98  slll621  slrl622  slrO476  slll444  slrl516  sllO145  slll825  slrO676  slll815  slll577   S111316  S111578  slrOOOl  slr2067  sllO422  slrl251  slrl761  slrl992  slrO172  slrO242  slrO737  slrlO34  slrO145  slll852  slU675  slrl986   Initiation site  [determined]  Codon  ATG  ATG  ATG  GTG  ATG  T T G  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  GTG  ATG  ATG  ATG  GTG  ATG  ATG  ATG  ATG  ATG  ATG  GTG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG  ATG   Position  2540658  915721  2471670  725367  2181013  596498  2646074  1471414  2475195  1722006  3395676  1404085  1713256  2932510  2593329  879408  1325404  2034294  2612907  1890474  1607353  2192681  823973  414871  832265  727466  1166728  726837  2464527  1430419  2093508  1392972  538658  1436699  2304094  144061  126639  663342  2177900  2234753  247569  1431000 initiation codons, GTG, TTG or ATT. The lower rate for rare initiation codons may be because the number of training sets was too small to extract the sequence characteristics.
The false-positive error can be reduced if a score threshold higher than 1.0 is taken. When 1.1 was used as the threshold, 52 translation initiation sites had scores above the threshold and the number of falsely predicted sequences was reduced to three (sequence nos. 26, 49 and 81), giving a the false-positive error of 5.8% (3/52).
Prediction of multiple translation initiation sites
Although 9 out of 71 sites predicted by GeneHackerTL were different from those assigned experimentally, some of the proteins may have initiated at multiple sites, such a ) The most probable translation initiation sites of the 72 experimentally determined proteins were predicted by GeneHackerTL by calculating the score for each with the parameters extracted from the 71 remaining proteins. The columns from left to right represent: Protein sequence number (SeqNo.); initiation codons, initiation sites relative to those experimentally determined and their scores by GeneHackerTL; corresponding ORFs (SeqID) assigned by Kaneko et al. 3 ; initiation codons and positions experimentally determined. as the proteins corresponding to sequence nos. 29 and 49, because the amino-terminal sequences of these proteins was assigned to the same open reading frame (ORF), named slrl761, and the amino-terminal position of sequence no. 49 starts 66 nucleotides downstream of sequence no. 29. Therefore, it is likely that these proteins are initiated at different initiation sites of the same ORF.
Thus, we tried to predict multiple translation initiation sites using Gene-HackerTL. As described above, GeneHackerTL predicts only the most probable translation initiation site in a given coding sequence. However, it is possible to predict another translation initiation site by introducing a mutation in the predicted initiation codon followed by analysis of the mutated coding sequence. Thus, for the protein corresponding to sequence no. 49, the third position of the initiation codon was mutated from G to C. The previously predicted initiation site be- The translation initiation sites of sequence no. 49 were investigated by GeneHackerTL by introducing a mutation (G to C) into the third position of initiation codon of the predicted translation initiation site.
comes undetectable because of this mutation, which leads to prediction of another translation initiation site. More translation initiation sites can be predicted by repetition of the above procedure. The result of the calculation is shown in Table 2 . Among the six predicted initiation sites, two sites have scores higher than 1.1; the highest (1.199) was at position -168 and the next (1.127) was at position +1. These results suggest that sequence no. 49 corresponds to the protein initiated at position +1 without processing, and that the protein with sequence no. 29 is initiated at position -168. After processing, a signal peptide of 34 amino acids long is generated (Table 4) .
Prediction of the initiation sites of 24 unassigned
proteins Among the proteins for which the amino-terminal sequences were micro-sequenced, the initiation sites of 24 proteins have not been assigned 5 because of the lack of a potential initiation codon at the amino-terminal position. The initiation sites of these proteins have tentatively been assigned to either ATG or GTG in the upstream region, 3 and these proteins have been grouped into categories A and B, mainly with respect to the length of putative processed peptides. We applied GeneHackerTL for prediction of the initiation sites of these proteins, and the predicted sites are indicated in Table 3 with their scores.
The sites for proteins in category A
Translation initiation sites were predicted by GeneHackerTL in all but sequence no. 45, and the 15 predicted sites were upstream of the experimentally determined sites. According to this assignment, all the peptides between the predicted to experimentally determined sites are abundant in hydrophobic amino acids (See Table 4 ), and 11 out of 15 possible signal peptides contain one to three basic amino acids (Lys or Arg) near their aminotermini (4.5 amino acid positions from the termini on average). The average length of the 11 possible signal peptides was 27.6 amino acids, and there was an average ' The most probable translation initiation sites of the 24 proteins were predicted by GeneHackerTL. The columns from left to right represent: Protein sequence number (SeqNo.); initiation codons, initiation sites relative to those experimentally determined and their scores by GeneHackerTL; corresponding ORFs (SeqID) assigned by Kaneko et al. 3 ; positions experimentally determined. at least the 11 putative processed peptides carry this characteristics. The remaining four processed peptides (nos. 7, 64, 66 and 73) were hydrophobic but did not contain basic amino acids at their amino-termini. The failure to prediction sequence no. 45 may be because the characteristics of its initiation site sequence are different from those of the training sets.
The sites for proteins in category B
The translation initiation sites were predicted for six out of eight sequences (nos. 4, 18, 29, 65, 74 and 21) . The sites of the first five were located upstream of the experimentally determined site, and the lengths between the predicted initiation site and the respective amino-termini were 31, 24, 34, 61 and 172 amino acids (Table 4 ). The first four truncated peptides, especially the first three, were presumed to be processed as signal peptides, because of their short length and their characteristic sequence features. For the protein corresponding to sequence no. 74, the resulting processed peptide was much longer than those of typical signal peptides (172 amino acids), suggesting that a post translational processing other than the typical signal processing is operated. The predicted initiation site of the protein starting with sequence no. 21 was eight amino acids inside of the experimentally deduced site. As this protein is classified to the minor class of genes, 18 it suggests that an additional HMM element corresponding to the minor class is required for this class of genes to enhance the prediction rate of GeneHackerTL.
3.4-Comparison with other methods
In the sequencing projects of the Escherichia coli genome, 12 ' 13 a translation initiation site of each protein coding region was assigned by calculating the efficiency of the ribosomal binding site using a scoring matrix. 14 This method, konwn as multiple regression analysis, is essentially based on the weight matrix. There is an other method for the assignment of translation initiation sites, 15 but this is also based on the weight matrix. From a view point of computer science, prediction of the translation initiation sites based on HMM appears to be superior to that based on the weight matrix, because the former can utilize more information which cannot be represented in the weight matrix. Conceptual comparison of the two types of methods is done here by taking the Shine-Dalgarno sequence as an example.
In our previous study 8 in which the HMM representing nucleotide sequences surrounding translation initiation sites was created, we identified four distinct regions upstream of the initiation site. Among them, Region U2 (See Fig. 2 in ref. 8 ) contains 97.2% (34/35) of the ShineDalgarno sequence. 5 The average length of Region U2 is 6.24 nucleotides with a standard deviation of 3.07. The average position of the center of Region U2, which ranges from -22.5 to -4.5, is -11.4 with a standard deviation of 3.7. If nucleotide sequences are represented in the weight matrix, the distinctive features of Region U2 would become vague owing to the high standard deviation of this region in position. This variance of Region U2 in position and both the prototype and variant patterns of this region can be represented in HMM, and provide a more predictive power on GeneHackerTL. Furthermore, some features detected in the previous study would completely disappear in the weight matrix because of masking by the influence of Region U2. An example is the existence of a thymine just downstream of Region U2. The disap- The present version of GeneHackerTL is for prediction of the translation initiation sites of genes on Synechocystis sp. strain PCC6803. GeneHackerTL can be applicable to other prokaryotes as well if the necessary information is provided. Its application to eukaryotes should be investigated.
